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Summary

Morphogen gradients provide positional information and control growth in developing tissues, but the
underlying mechanisms remain largely unknown due to lack of tools manipulating morphogen
gradients. Here, we generate two synthetic protein binder tools manipulating different parameters of
Decapentaplegic (Dpp), a morphogen thought to control Drosophila wing disc patterning and growth
by dispersal; while HA trap blocks Dpp dispersal, Dpp trap blocks Dpp dispersal and signaling in the
source cells. Using these tools, we found that while posterior patterning and growth require Dpp
dispersal, anterior patterning and growth largely proceed without Dpp dispersal. We show that dpp
transcriptional refinement from an initially uniform to a localized expression and persistent signaling
in transient dpp source cells render the anterior compartment robust to blocking Dpp dispersal.
Furthermore, neither Dpp dispersal nor signaling is critical for lateral wing growth. These results
challenge Dpp dispersal-centric mechanisms, and demonstrate the utility of customized protein binder
tools to dissect protein functions.
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Introduction

A fundamental question in developmental biology is how proteins work together to orchestrate
developmental processes. Forward and reverse genetic approaches based on mutants and RNA,
together with biochemical analyses, provide insights into how proteins function. However,
interpretational gaps often remain between the mutant phenotypes and the underlying mechanisms.

Recently, small, high affinity protein binders such as nanobodies, single-chain variable
fragment (scFv), Designed Ankyrin Repeat Proteins (DARPins) and others have emerged as versatile
tools to fill this gap. By fusing these protein binders to well-characterized protein domains and
expressing the fusion proteins in vivo, protein function can be directly manipulated in a predicted
manner 4. For example, to characterize a protein with multiple functions, these tools could allow to
manipulate a given function without affecting others, thereby allowing a better dissection of each
function. To investigate a protein function consisting of multiple parameters, applying different protein
binder tools targeting each or a subset of parameters and comparing the effects with mutants could
help to better dissect how a protein exerts its function. However, it remains challenging to design and
customize distinct protein binder tools targeting different parameters to investigate protein functions
consisting of multiple parameters.

A class of molecules that exert its function with multiple parameters are morphogens, secreted
molecules that disperse from a localized source and regulate target gene expression in a concentration-
dependent manner ¥, A morphogen gradient is characterized by its parameters such as secretion,
diffusion, and degradation °. Temporal dynamics of a morphogen gradient also impact cell fates
decisions '°. Despite a variety of parameters involved, morphogen dispersal is generally thought to be
critical for a morphogen function based on severe morphogen mutant phenotypes and long-range
action of morphogens.

However, a recent study challenged this basic assumption for the case of the Wingless (Wg)
morphogen, the main Wnt in Drosophila, by showing that a membrane-tethered non-diffusible form
of Wg can replace the endogenous Wg without affecting appendages development '!. Although the
precise contribution of Wg dispersal requires further studies >3, the study raises the question of how
important morphogen dispersal is for tissue patterning and growth in general.

In contrast to Wg, Decapentaplegic (dpp), the vertebrate BMP2/4 homologue, is thought to act
as a bona fide morphogen in the Drosophila prospective wing. Dpp disperses bidirectionally from a
narrow anterior stripe of cells along the anterior-posterior (A-P) compartment boundary to establish a
characteristic morphogen gradient in both compartments !¢ 7. How the Dpp dispersal-mediated
morphogen gradient achieves and coordinates overall wing patterning and growth has served as a
paradigm to study morphogens '®. However, despite intensive studies, it remains controversial how
Dpp/BMP disperses ¢ 1°-22, controls uniform growth 232, and coordinates patterning and growth (i.e.
scaling) 3933, Regardless of the actual mechanisms, all the studies are based on the assumption that
bidirectional Dpp dispersal from the anterior stripe of cells controls overall wing patterning and growth,
in line with the severe dpp mutant phenotypes.

To directly manipulate dispersal of Dpp, we recently generated a synthetic protein binder tool
called morphotrap, a membrane-tethered anti-GFP nanobody, to trap GFP-tagged Dpp and thereby
manipulating its dispersal **. Using morphotrap, we showed that a substantial amount of GFP-Dpp
secreted from the anterior stripe of cells can reach to the peripheral wing disc and blocking GFP-Dpp
dispersal from the source cells cause severe adult wing patterning and growth defects 34. These results
support the assumption that Dpp dispersal from the anterior stripe of cells is critical for overall wing
patterning and growth (Fig. la) **. However, application of morphotrap was limited to rescue
conditions by overexpression of GFP-Dpp due to the lack of an endogenous GFP-dpp allele.

Here, to investigate the precise requirement of endogenous Dpp morphogen gradient for wing
patterning and growth, we first generated an endogenous GFP-dpp allele, but found that the allele was
not fully functional, thus limiting morphotrap application. We then generated two synthetic protein
binder tools analogous to morphotrap, manipulating distinct aspects of endogenous Dpp morphogen
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gradient; while “HA trap” blocks functional Dpp dispersal, “Dpp trap” blocks Dpp dispersal and
signaling in the source cells. Using these tools, we found that while Dpp signaling in the source cells
is critical, the role of Dpp dispersal is surprisingly minor and asymmetric for wing patterning and
growth; while posterior patterning and growth require Dpp dispersal, anterior patterning and growth
largely proceed without Dpp dispersal. We show that previously unrecognized dpp transcriptional
refinement from an initially uniform to a localized expression and persistent signaling in transient dpp
source cells allow the anterior patterning and growth robust to blocking Dpp dispersal. Furthermore,
we find that neither Dpp dispersal nor signaling is critical for the lateral wing pouch growth. These
results challenge the long-standing dogma that Dpp dispersal is essential to control overall wing
patterning and growth and call for a revision of how Dpp controls and coordinates wing patterning and
growth.

Results

A platform to manipulate the endogenous dpp locus

To manipulate the endogenous Dpp morphogen gradient, we utilized a MiMIC transposon inserted in
the dpp locus *°. A genomic fragment containing sequences encoding a tagged version of dpp followed
by an FRT and a marker was first inserted into the locus (Fig. 1b), then the endogenous dpp exon was
removed upon FLP/FRT recombination to keep only the tagged dpp exon (Fig. 1b). Using this strategy,
we inserted different tags into the dpp locus and found that while a GFP-dpp allele was homozygous
lethal during early embryogenesis (data not shown), a HA-dpp allele was functional without obvious
phenotypes (Fig. 1c). A similar functional HA tag knock-in dpp allele has recently been generated by
a CRISPR approach ?°. HA-Dpp was expressed in the anterior stripe of cells along the A-P
compartment boundary consistent with reported dpp expression pattern (Fig. 1d) and the extracellular
HA-Dpp gradient overlapped with the gradient of phosphorylated Mad (pMad), a downstream
transcription factor of Dpp signaling (Fig. 1e).

Generation and characterization of HA trap

Since we could not apply morphotrap due to the lethality of the GFP-dpp allele, we generated a protein
binder tool called "HA trap" by fusing an anti-HA scFv to the transmembrane domain of CD8 and
mCherry, analogous to morphotrap (Fig. 1f). To visualize Dpp upon trapping, we also generated a
functional Ollas-HA-dpp allele. Upon HA trap expression using ptc-Gal4 in an Ollas-HA-dpp/+ wing
disc, Ollas-HA-Dpp accumulated on the anterior stripe of cells, and the extracellular gradient was
abolished (Fig. 1g-j). Furthermore, clonal accumulation of Ollas-HA-Dpp in HA trap clones in the
receiving cells was undetectable upon HA trap expression with ptc-Gal4 (Fig. 1k-n, arrow), indicating
that the HA trap can block HA-Dpp dispersal efficiently like morphotrap. However, in contrast to
morphotrap, Ollas-HA-Dpp accumulated in HA trap clones near the source but not in the peripheral
regions (Fig. 1o arrowhead), raising the question whether Dpp can act in the peripheral regions.

Blocking Dpp dispersal by HA trap causes minor and asymmetric patterning and growth defects
To address the requirement of Dpp dispersal, we expressed HA trap using different Gal4 driver lines
in HA-dpp homozygous wing discs. Normally, Dpp binds to the Dpp receptors Thickveins (Tkv) and
Punt, inducing a pMad gradient and an inverse gradient of Brk, a transcription repressor repressed by
Dpp signaling. The two opposite gradients regulate patterning (nested target gene expression, such as
sal, and omb) and growth to define adult wing vein positions and control growth '%36-3 (Fig. 2a). Upon
HA trap expression using ptc-Gal4, pMad, Sal, and Omb expression were completely lost and Brk was
upregulated in the P compartment (Fig. 2b, e, f, g, h), indicating that HA trap efficiently blocked HA-
Dpp dispersal. Interestingly, despite undetectable Dpp signaling, the posterior wing pouch grew
substantially as judged by the expression of an intervein marker DSRF and a wing pouch marker
SxQE.DsRed (a reporter of the Quadrant Enhancer (QE) of the wing master gene vg) (Fig. 2b arrow,
2i). In the A compartment, pMad was slightly reduced in the anterior medial region (Fig. 2b, ¢),
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probably because HA trap partially blocked Dpp signaling upon binding to HA-Dpp (Fig. 1n).
Nevertheless, anterior patterning (nested expression of Sal and Omb) and growth were relatively
normal (Fig. 2b). Consequently, the resulting adult wings showed relatively mild anterior and severe
posterior patterning and growth defects with substantial posterior lateral growth (Fig. 2c, d). Slightly
milder but similar phenotypes were observed upon HA trap expression using nub-Gal4 (Fig. 2k-t) and
ci-Gal4 (Extended Data Fig. 2a-j). The severe posterior growth defects were not due to cell death,
since Caspase-3 was not upregulated (Extended Data Fig. la, b, d), and blocking apoptosis by
apoptosis inhibitor p35 did not rescue these growth defects (Extended Data Fig. 1e-g). These results
suggest that, while critical for posterior patterning and growth, Dpp dispersal is largely dispensable
for anterior patterning and growth, and that posterior lateral region can grow without Dpp dispersal
and signaling.

Lateral wing pouch growth without Dpp signaling

Since Dpp dispersal- and signaling-independent posterior wing pouch growth contradicts previous
reports 4% 4! we tested whether there was a substantial leakage of Dpp from the HA trap. When tkv*/2
clones characterized as a null allele 4**3 were induced in wing discs expressing HA trap with ptc-Gal4,
tkv*!? clones survived and expressed the 5xQE. DsRed reporter in the anterior lateral regions as well as
in the entire posterior region, even next to the source cells (Fig. 3a), indicating that leakage is
negligible. Similarly, tv*/? clones induced in the wild type wing disc survived and expressed the
SxQE.DsRed reporter in the lateral wing pouch (Fig. 3b). We also generated a tkv flip-out allele by
inserting an FRT cassette in the tkv locus (tkvHA"©) and confirmed these results (Fig. 3¢, d arrow). In
rare cases, even medial kv null clones survived and expressed 5xQF.DsRed (Fig. 3d), indicating that
the elimination of kv mutant clones masked Dpp signaling-independent SxQF.DsRed expression in
previous studies. Consistently, upon genetic removal of dpp from the entire A compartment as early
as the beginning of second instar stage, when the wing pouch is defined, 5xQF.DsRed remained
expressed despite severe growth defects (Fig. 3e-h). Furthermore, the loss of SxQE.DsRed reporter
expression in dpp mutants was rescued in dpp, brk double mutant wing discs (Extended Data Fig. 3).
Taken together, these results indicate that lateral wing pouch can grow without direct Dpp signaling
input after wing pouch specification.

Blocking Dpp dispersal and signaling by Dpp trap causes severe defects similar to dpp mutant

How can relatively normal patterning and growth be achieved without Dpp dispersal? Given the
substantial pMad signal in the source cells upon HA trap expression (Fig. 2b, 1), we hypothesized that
Dpp signaling in the source cells could account for the minor phenotypes caused by HA trap. To test
this, we avoided genetic removal of tkv since tkv affects Dpp dispersal non-autonomously **4°. Instead,
we selected DARPins *¢ against purified Dpp. For each of the 36 candidates from the screening, we
generated a "Dpp trap" by fusing the anti-Dpp DARPin to the transmembrane domain of CD8 and
mCherry (Fig. 4a), and identified one Dpp trap (containing DARPin 1242 F1), which efficiently
blocked Dpp dispersal and signaling (Fig. 4b, 4d, 41, Extended Data Fig. 2k). We found that Dpp trap
caused more severe defects than HA trap using ptc-Gal4 (Fig. 4d, 2b), nub-Gal4 (Fig. 41, 4n, 21, 2n),
and ci-Gal4 (Extended Data Fig. 2). Adult wings expressing Dpp trap using nub-Gal4 were recovered
and phenocopied severe dpp mutants (Fig. 4n, 3g, 3h). Interestingly, anterior Dpp trap expression
caused more severe posterior growth defects as well as anterior growth defects than HA trap (Fig. 4,
Extended Data Fig. 2u). This non-autonomous effect was hardly seen by simply removing kv from
the entire A compartment, probably because Dpp can still disperse and control patterning and growth
under this condition (data not shown). Since HA trap blocks Dpp dispersal more efficiently than Dpp
trap (Extended Data Fig. 4), these severe phenotypes by Dpp trap is rather due to blocking Dpp
signaling by Dpp trap. Although Caspase-3 was upregulated upon Dpp trap expression with nub-Gal4
(Extended Data Fig. 1a, ¢, d), the growth defects were not rescued by p35 (Extended Data Fig. 1h-j),
indicating that apoptosis was not the main cause of growth defects by Dpp trap. Taken together, these
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results suggest that Dpp signaling in the source cells is required for anterior patterning and growth as
well as for posterior growth seen upon blocking Dpp dispersal by HA trap.

Rescue of dpp mutant by cell-autonomous Dpp signaling mimics phenotypes caused by HA trap
To test whether cell-autonomous Dpp signaling is sufficient to control patterning and growth, a
constitutively active version of Tkv (TkvQD) ** was expressed in dpp mutants with dpp-Gal4 (Fig. 5a,
b). We found that, despite localized pMad activation in the anterior stripe of cells, anterior patterning
and growth as well as part of posterior growth were largely restored, mimicking the phenotypes caused
by HA trap (Fig. 2b, 5b). These results indicate that the phenotypes caused by HA trap largely depends
on Dpp signaling in the source cells. How can local Dpp signaling in the source cells control patterning
and growth extending beyond the anterior stripe of cells? First, we asked how anterior Dpp signaling
can control posterior growth. One trivial possibility is that the posterior growth was induced by non-
specific dpp-Gal4 expression in the P compartment. To test this, dpp-Gal4 was converted into a
ubiquitous LexA driver, which was permanently expressed in lineages of dpp-Gal4 to express TkvQD
(Fig. 5¢). We found that although pMad was upregulated only in the A compartment (Fig. 5d),
SxQE.DsRed expression was induced in the P compartment (Fig. 5d arrow), indicating that non-
autonomous posterior growth control by anterior Dpp signaling is permissive rather than instructive.

Initial uniform dpp transcription in the anterior compartment

Next, we asked how Dpp signaling in the source cells can control anterior patterning and growth (Fig.
1d). It has been shown that the lineages of dpp-Gal4 was uniform in the A compartment ’. Consistently,
the lineages of dpp-Gal4 indicated by pMad signal was also uniform in the A compartment (Fig. 5d),
raising the possibility that dpp expression is uniform in the early stages. Since the existing dpp-Gal4
line is derived from a fragment of the dpp disc enhancer inserted outside the dpp locus, we first
generated an endogenous dpp-Gal4 line using our platform (Fig. 6a), and confirmed the uniform
anterior lineages with G-TRACE analysis (Fig. 6b). To directly follow dpp transcription, we then
generated a dpp transcription reporter line by inserting a destabilized GFP (half-life <2 hrs) into the
dpp locus (Fig. 6¢), and indeed found initial uniform anterior dpp transcription until the early third
instar stage (Fig. 6d, e) prior to a narrow anterior stripe expression from the mid-third instar stage
onwards (Fig. 6f, g).

Transient dpp source outside Sal domain is required for anterior patterning and growth

The earlier anterior dpp source outside the stripe of cells could provide a local dpp source to control
anterior patterning and growth when Dpp dispersal is blocked. However, in such a scenario, since ptc-
Gal4 is also initially expressed in the entire A compartment *®, the minor defects by HA trap could be
explained by the perdurance of Dpp signaling via artificially stabilized Dpp by HA trap. To avoid such
potential artificial effects, we expressed HA trap with ptc-Gal4 at defined time points using tubGal80ts.
Upon HA trap expression from the mid-second instar stage, the lineage of ptc-Gal4 covered at most
the anterior Sal domain, which corresponds to the region between L2 and L4 in the adult wing (Fig.
7b). Nevertheless, the anterior peripheral regions remained rather normal (Extended Data Fig. 5),
consistent with a role of the dpp source outside the Sal domain for patterning and/or growth.

To test this, dpp was genetically removed using ptc-Gal4 approximately from the anterior Sal region,
where cells in which the FRT cassette was removed were marked by lacZ staining (Fig. 7a-f).
Consistent with the removal of the dpp stripe expression, pMad, Sal, and Omb were significantly
reduced in the P compartment (Fig. 7d-f). In contrast, in the A compartment, low levels of pMad
remained active and Brk was graded with lowest expression outside the Sal region (Fig. 7d). Under
this condition, while Sal expression was completely lost, weak anterior Omb expression remained
activated with highest signal in the lateral region (Fig. 7e, f). By removing dpp from the entire A
compartment, this weak anterior Dpp signaling (pMad and Omb expression) as well as anterior growth
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were severely affected (Fig. 7g-k), indicating that the transient dpp source outside the Sal domain
contributes to anterior patterning and growth. Consistently, weak pMad and Omb expression remained
rather normal in the anterior lateral region upon blocking Dpp dispersal by HA trap using ptc-Gal4
(Fig. 2e, h). We then asked how the transient dpp source can lead to persistent Dpp signaling. Upon
genetic removal of tkv, Brk was quickly de-repressed (Extended Data Fig. 6), indicating that the
“memory” of an earlier signal is not mediated by epigenetic regulation or autoregulation of target gene
expression but rather at the level of Tkv or upstream, consistent with weak but persistent pMad signal.
The anterior patterning and growth can therefore be achieved without Dpp dispersal by a combination
of a persistent signaling by transient dpp transcription outside the stripe and a stronger signaling by
continuous dpp transcription in the anterior stripe of cells.

Discussion

Although protein binders have emerged as versatile tools to study protein functions, it remains
challenging to design and customize distinct protein binder tools to dissect protein function. Here, we
generate two novel protein binder tools to manipulate distinct parameters of the Dpp morphogen to
precisely determine the requirement of Dpp dispersal and signaling in the source cells.

New protein binder tools manipulating distinct aspects of Dpp

Among protein binders against commonly used tags, nanobodies against GFP are used most
intensively in the field *°. However, since tagging with a large tag such as GFP could affect protein
functions, as is the case for Dpp, protein binders against small tags have recently been generated to
manipulate intracellular proteins >33, Here, we show that HA trap works as efficient as morphotrap,
providing an alternative way to trap secreted proteins via a small tag. Nevertheless, we found some
differences between two traps. First, morphotrap appears leaky since trapping GFP-Dpp by
morphotrap in the source activate Dpp signaling in at least one cell row in the P compartment 34,
Second, while morphotrap could accumulate GFP-Dpp even in the peripheral regions 4, HA trap did
not (Fig. 1n). Third, while morphotrap caused severe adult wing defects **, HA trap caused relatively
minor defects (Fig. 2). We speculate that these differences are caused by overexpression of GFP-Dpp;
persistent strong Dpp signaling could lead to cause cell death as shown previously 2% 3+, These
differences highlight the importance of investigating endogenous protein functions.

In contrast to protein binders against commonly used tags, protein binders against endogenous proteins
are rarely used due to the limited availability and difficulty in isolating them. Here, we screened
DARPins against Dpp, and generated Dpp trap analogous to HA trap. Interestingly, we found that the
two traps manipulate different parameters of Dpp morphogen gradient formation; while HA trap
mainly blocks Dpp dispersal (Fig. 2), Dpp trap blocks Dpp dispersal and cell-autonomous signaling
(Fig. 4). We speculate that HA trap binds to the HA tag, thereby allowing Dpp to bind to its receptors,
while Dpp trap directly binds to Dpp to block its interaction with the receptors. Regardless of the actual
mechanisms underlying this difference, these tools allow to dissect each requirement. Relatively mild
phenotypes by HA trap and severe phenotypes by Dpp trap indicate a minor and asymmetric role of
Dpp dispersal and a critical role of Dpp signaling in the source cells for wing patterning and growth,
respectively. Furthermore, these results also suggest that, unlike previously thought, severe dpp mutant
phenotypes do not reflect the role of Dpp dispersal alone, but reflect the role of both Dpp dispersal and
signaling in the source cells, with more contribution from the latter parameter.

Asymmetric requirement of Dpp dispersal

It has long been thought that the bidirectional Dpp dispersal from the narrow anterior stripe of cells
generate morphogen gradient in both compartments to control overall wing patterning and growth
based on the critical requirement of dpp for wing development (Fig. 8a). A previous study using
morphotrap also supported this view based on the severe adult wing defects upon morphotrap
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expression **, Using HA trap and Dpp trap, we here show that the role of Dpp dispersal is surprisingly
minor and asymmetric along the A-P axis; while posterior patterning and medial growth requires Dpp
dispersal, anterior patterning and growth largely proceeds without Dpp dispersal (Fig. 2, 8b), although
Dpp disperses bidirectionally from the anterior stripe of cells and generate a morphogen gradient in
the late third instar stage (Fig. 1). Based on the similar rescue of dpp mutants by TkvQD (Fig. 5), it
has been proposed that both Sal and Omb expression are initially induced in the anterior stripe of cells,
but only Omb expression persists in linecages of these cells via proliferation, generating nested
expression of Omb and Sal **. In contrast, we show that all the anterior cells are initially a dpp source
(Fig. 6). Interestingly, a dpp source outside the anterior stripe of cells has previously been implicated
to control the growth of the entire wing pouch 23, although such a dpp source has not been identified
and its existence has been questioned 2% *%37. We identified such a dpp source contributing to anterior
patterning and growth together with the main dpp stripe; however, this source does not control growth
of the entire wing pouch (Fig. 6, 7).

The non-essential requirement of Dpp dispersal for the anterior compartment is reminiscent of the
minor requirement of dispersal of Wg, a morphogen required for wing patterning and growth along
the dorsal-ventral axis !!. It has been shown that a membrane-tethered form of Wg can replace the
endogenous Wg without affecting wing patterning and growth '!. Although the precise requirement of
Wg dispersal requires further studies !4, in both cases, transcriptional refinement of each morphogen
and persistent signaling by transient morphogen expression allow anterior compartment robust to
blocking morphogen dispersal. However, while the wg allele encoding a membrane-tethered form is
homozygous viable without major phenotypes, ubiquitous blocking of Dpp dispersal by HA trap
during development caused lethality (data not shown), indicating a critical role of Dpp dispersal during
development. Future studies should reveal the precise role of Dpp dispersal in other developmental
processes.

Growth without Dpp dispersal and signaling

Our results also uncover Dpp dispersal- and signaling-independent lateral wing pouch growth once the
wing pouch is specified (Fig. 2, 3, 5). How can this be reconciled with the complete loss of wing pouch
in classic dpp disc alleles (Fig. 5, Extended Data Fig. 3)? The severe phenotypes of dpp disc alleles
could be due to a failure of the initial specification of the wing pouch %, However, the rescue of
posterior wing pouch growth in dpp mutants by anterior Dpp signaling (Fig. 5) suggests that posterior
lateral wing pouch cells can grow without local Dpp signaling upon anterior Dpp signaling activation.
Consistently, despite severe growth defects, 5xQFE-DsRed remained expressed in the P compartment
upon genetic removal of tkv from the entire P compartment from embryonic stages (Extended Data
Fig. 7). The non-autonomous posterior growth induction by anterior Dpp signal is not likely caused
by juxtaposition of cells with different Dpp signaling level 2. We thus speculate that, despite a failure
of initial wing pouch specification, the posterior lateral wing pouch has the potential to grow but fails
to do so in dpp disc alleles due to the loss of earlier anterior Dpp signaling. Our results can also explain
the previous enigmatic observation that lateral wing fates are less sensitive than medial wing fates in
some weak dpp mutant alleles °. We speculate that in these alleles, dpp levels are reduced to a level
at which Dpp cannot disperse enough to control posterior patterning and growth but can still activate
weak anterior Dpp signaling sufficient to sustain posterior growth.

The presence of Dpp signaling-independent lateral wing pouch growth is unexpected and at odds with
all the growth models based on the assumption that Dpp controls overall wing patterning and growth
23-29 For example, no wing pouch growth is expected without Dpp signaling due to a lack of either a
temporal increase of Dpp signaling (temporal model) , a detectable Dpp signal (threshold model) >
3761 or a slope of Dpp signaling activity (gradient model) ?*23. Among the models, the best fit model
to our observation is the growth equalization model, in which Dpp signaling removes Brk to allow
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medial regions to grow, while Brk represses Dpp signaling-independent lateral growth with higher
proliferation nature to equalize the non-uniform growth 2% 27, However, the identity of medial and
lateral regions remained undefined in this model. A previous study using morphotrap also identified
such a Dpp signaling-insensitive region, but assigned this region to the hinge region due to the severe
adult wing growth defects by morphotrap expression 4. We thus refine the growth equalization model
and propose that both medial and lateral regions are located within the wing pouch (Fig. 8b).
Consistently, overgrowth phenotypes in brk mutant were observed in the wing pouch region rather
than in the hinge region (Extended Data Fig. 3). The permissive role of Dpp in modulating a non-
uniform growth potential within the wing pouch raises questions about what kind of instructive signals
control proliferation and growth, how the non-uniform growth potential emerges independent of
Dpp/Brk system *°, as well as how the scaling of patterning with tissue size is achieved.

Conclusion

In developmental biology, interpretational gaps often remain between the mutant phenotypes and the
underlying molecular mechanisms. Our approach applying customized protein binder tools to
manipulate distinct parameters of Dpp challenges the long-standing dogma that Dpp dispersal controls
overall wing patterning and growth, which was not possible by simple mutant analyses, thus
demonstrating the utility of the approach to better dissect protein functions during development.
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Experimental procedures
Data reporting

No statistical methods were used to predetermine sample size. The experiments were not randomized,
and investigators were not blinded to allocation during experiments and outcome assessment.

Fly stocks

Flies were kept in standard fly vials (containing polenta and yeast) in a 25°C incubator. The following
fly lines were used: dpp'©, dpp-Gal4, UAS-FLP (Matthew Gibson), ptc-Gal4 (BL2017),
P{act5C(FRT.polyA)lacZ.nisl}3, ry506 (BL6355), w/[*]; P{w[+mC]=UAS-RedStinger}6,
P{w[+mC]=UAS-FLP.Exel}3, P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger}15F2 (G-
TRACE)(BL28281), brk™ (BL58792), dpp*?3732 (BL36399), PBac{RB}e00178, Dp(2;2)DTD48
(Bloomington stock center). omb-LacZ (Kyotol101157). act>Stop, y+>LexA*19, thv*!?, UAS-TkvQOD,
pLexAop-TkvQD (Konrad Basler), 5xQF.DsRed (Gary Struhl), UAS/LexAop-HAtrap (this study),
UAS/LexAop-Dpp trap (F1) (this study), dpp®, dpp®?, nub-Gal4 (11), ci-Gal4 (11), hh-Gal4 (1), UAS-
p35(1), tub-Gal80ts (I11) are described from Flybase. tub>CD2, Stop>Gal4, UAS-nlacZ (Francesca
Pignoni). TkvHA (Giorgos Pyrowolakis).

Genotypes by figures

Fig. 1c-e: yw,; HA-dpp/HA-dpp

Fig. 1g: yw; ptc-Gal4, Ollas-HA-dpp/+

Fig. 1i: yw; ptc-Gal4, Ollas-HA-dpp/~+; UAS/LexAop-HAtrap/+

Fig. 1k: AsFLP; Ollas-HA-dpp/tub>CD_2, Stop>Gal4, UAS-nlacZ; UAS/LexAop-HAtrap/+

Fig. 1m: hsFLP; ptc-Gal4, Ollas-HA-dpp/tub>CD2, Stop>Gal4, UAS-nlacZ; UAS/LexAop-HAtrap/+
Fig. 1o: AsFLP; Ollas-HA-dpp/tub>CD_2, Stop>Gal4, UAS-nlacZ; UAS/LexAop-HAtrap/+

Fig. 2a, ¢: (5xQE.DsRed),; ptc-Gal4, HA-dpp/HA-dpp

Fig. 2b, d: (5xQFE.DsRed); ptc-Gal4, HA-dpp/HA-dpp,; UAS/LexAop-HAtrap/+

Fig. 2k, m: yw; nub-Gal4, HA-dpp/HA-dpp

Fig. 21, n: yw; nub-Gal4, HA-dpp/HA-dpp,; UAS/LexAop-HAtrap/+

Fig. 3a: hsFLP/5xQE.DsRed; HA-dpp, tkv*'? FRT40/HA-Dpp, UbiGFP, FRT40, ptc-Gald;
UAS/LexAop-HAtrap/+

Fig. 3b: hsFLP/5xQE.DsRed; thv*!? FRT40/UbiGFP, FRT40

Fig. 3¢, D: hsFLP/5xQE.DsRed, thvHA"®/thkvHHA®©

Fig. 3e, f: (internal control within a cross) 5xQE.DsRed/+; (dpp"©, ci-Gal4)/(dpp™©); (UAS-
FLP)/tubGal80ts,

Fig. 3g, h: 5xQE.DsRed/+; dpp"©, ci-Gal4/dpp™©,; UAS-FLP/tubGal80ts,

Fig. 4b: (left) yw, ptc-Gal4, Ollas-HA-dpp/+, (right) yw, ptc-Gal4, Ollas-HA-dpp/+; UAS/LexAop-
Dpptrap/+

Fig. 4c: yw; ptc-Gal4, HA-dpp/~+

Fig. 4d: yw, ptc-Gal4, HA-dpp/+; UAS/LexAop-Dpptrap/+

Fig. 4k, m: yw,; nub-Gal4, HA-dpp/~+

Fig. 41, n: yw; nub-Gal4, HA-dpp/+,; UAS/LexAop-Dpptrap/+

Fig. 5a: (v)w;, dpp®/dpp?!?

Fig. 5b: (y)w; dpp®/dpp?"?; dpp-Gal4/UAS-tkvQD

Fig. 5d: dpp®, UAS-FLP/dpp?'?, act>Stop, y+>LexA"™C: dpp-Gal4/LexAop-tkvQD and
5xQE.DsRed/+; dpp®, UAS-FLP/dpp?, act>Stop, y+>LexA"C; dpp-Gal4/LexAop-tkvOD,

Fig. 6b: yw; dpp-T2A-Gal4, Dp(2;2)DTD48(dpp+)/+;  P{w[+mC]=UAS-RedStinger}o,
Piw[+mC]=UAS-FLP.Exel}3, P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger}15F2/+

Fig. 6d-g: yw M{vas-int. Dm}zh-2A; dpp-T2A-d2GFP-NLS/Cyo, P23

Fig. 7a-c: ptc-Gal4, dpp"©/+, tubGal80ts/UAS-FLP, act5C(FRT.polyA)lacZ.nls
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Fig. 7d-h: ptc-Gal4, dpp"°/dpp©; tubGal80ts/UAS-FLP, act5C(FRT.polyA)lacZ.nls

Fig. 7i-j: ci-Gal4, dpp"°/dpp™©; tubGal80ts/UAS-FLP, act5C(FRT.polyA)lacZ.nls

Extended Data Fig. 1a: ptc-Gal4, HA-dpp/HA-dpp

Extended Data Fig. 1b: ptc-Gal4, HA-dpp/HA-dpp,; UAS/LexAop-HAtrap/+

Extended Data Fig. 1c: nub-Gal4, HA-dpp/+; UAS/LexAop-Dpptrap/+,

Extended Data Fig. le: nub-Gal4, HA-dpp/HA-dpp; UAS/LexAop-HAtrap/~+,

Extended Data Fig. 1f: nub-Gal4, HA-dpp/HA-dpp,; UAS/LexAop-HAtrap/UAS-p335,

Extended Data Fig. 1h: nub-Gal4, HA-dpp/+,; UAS/LexAop-Dpptrap/+

Extended Data Fig. 1i: nub-Gal4, HA-dpp/+; UAS/LexAop-Dpptrap/UAS-p35, Fig. S3: nub-Gal4, ptc-
Gal4, HA-dpp/HA-dpp, nub-Gal4, ptc-Gal4, HA-dpp/HA-dpp,; UAS/LexAop-HAtrap/+

Extended Data Fig. 2a, c, e, g, i: HA-dpp/HA-dpp, ci>+ (left) and HA-dpp/HA-dpp, ci>HA trap (right)
Extended Data Fig. 2k, m, o, q, s: HA-dpp/+, ci>+ (left) and HA-dpp/+, ci>Dpp trap (right)
Extended Data Fig. 3a: 5xQFE.DsRed/+, dpp® or dpp??/+

Extended Data Fig. 3b: 5xQE.DsRed/+; dpp®/dpp?"?

Extended Data Fig. 3c: 5xQE.DsRed, brk*/Y, dpp® or dpp??/+

Extended Data Fig. 3d: 5xQE.DsRed, brk*/Y, dpp®/dpp?'?

Extended Data Fig. 4: (control) ptc-Gal4, HA-dpp/~+, (Dpptrap) ptc-Gal4, HA-dpp/+,; UAS/LexAop-
Dpptrap/+, (HAtrap) ptc-Gal4, HA-dpp/HA-dpp,; UAS/LexAop-HAtrap/+

Extended Data Fig. 5: (control) ptc-Gal4, HA-dpp/HA-dpp, tubGal80ts/~+, (experiment) ptc-Gal4, HA-
dpp/HA-dpp; UAS/LexAop-HAtrap/tubGal80ts

Extended Data Fig. 6: thvHA"©, ci-Gald/tkvHA"©; UAS-FLP/tubGal80ts

Extended Data Fig. 7: (control within the cross) 5xQE.DsRed/+, (tkvHA™®)/thvHA™©, (Hh-Gal4)/+
(experiment) 5xQFE.DsRed/+; thkvHA™®/tkvHA"®; Hh-Gal4/UAS-FLP

Immunostainings and antibodies

Protocol as described previously **. Each fly cross was set up together with a proper control and
genotypes were processed in parallel. If the genotype could be distinguished, experimental and control
samples were processed in the same tube. To minimize variations, embryos were staged by collecting
eggs for 2-4hrs. An average intensity image from 3 sequential images from a representative wing disc
is shown for all the experiments. The following primary antibodies were used; anti-HA (3F10, Roche;
1:300 for conventional staining, 1:20 for extracellular staining), anti-Ollas (Novus Biologicals, 1:300
for conventional staining, 1:20 for extracellular staining), anti-phospho-Smadl/5 (1:200; Cell
Signaling), anti-Brk (1:1.000; Gines Morata), anti-Sal (1:500; Rosa Barrio), anti-Omb (1:500; Gert
Pflugfelder), anti-Wg (1:120; DSHB, University of lowa), anti-Ptc (1:40; DSHB, University of lowa),
anti-B-Galactosidase (1:1.000; Promega, 1:1000; abcam). All the primary and secondary antibodies
were diluted in 5% normal goat serum (NGS) (Sigma) in PBT (0.03% Triton X-100/PBS). All
secondary antibodies from the AlexaFluor series were used at 1:500 dilutions. Wing discs were
mounted in Vectashield (H-1000, Vector Laboratories). Images of wing discs were obtained using a
Leica TCS SP5 confocal microscope (section thickness 1 um).

Quantification

Quantification of pMad, Brk, Sal, and Omb

From each z-stack image, signal intensity profile along A/P axis was extracted from average projection
of 3 sequential images using ImagelJ. Each signal intensity profile was aligned along A/P compartment
boundary (based on anti-Ptc staining) and average signal intensity profile from different samples was
generated and plotted by the script (wing_ disc-alignment.py). The average intensity profile from
control and experimental samples were then compared by the script (wingdisc_comparison.py). Both
scripts can be obtained from (https://etiennees.github.io/Wing_disc-alignment/). The resulting signal
intensity profiles (mean with SD) were generated by Prism.
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Quantification of wing pouch size and adult wing size

The A and P compartment of the wing pouches were approximated by Ptc/Wg staining and positions
of folds, and the A/P compartment boundary of the adult wings were approximated by L4 position.
The size of each compartment was measured using ImagelJ. Scatter dot plots (mean with SD) were
generated by Prism.

Statistics

Statistical significance was assessed by Prism based on the normality tests using a two-sided Mann-
Whitney test (Fig. 2t, for P compartment, Fig. 4s, for A compartment, Fig. 4u, for A compartment)
and a two-sided Student’s #-test with unequal variance for the rest of the comparisons (***p<0.0002
*HEX p<0.0001).

Generation of HA-dpp and GFP-dpp knock-in allele

Cloning of plasmids for injection.

A fragment containing multi-cloning sites (MCS) between two inverted attB sites was synthesized and
inserted in the pBS (BamHI) vector (from Mario Metzler). A genomic fragment of dpp between
dpp™'%3732 and PBac{RB}e00178 (about 4.4kb), as well as an FRT and 3xP3mCherry were inserted in
this MCS by standard cloning procedures. A fragment encoding HA tag or GFP was inserted between
the Xhol and Nhel sites inserted after the last Furin processing site !”.

Inserting dpp genomic fragments in the dpp locus

The resulting plasmids were injected in yw M{vas-int.Dm}zh-2A4; dpp'’3732/Cyo, P23. P23 is a
transgene containing a dpp genomic fragment to rescue dpp haploinsufficiency. After the hatched flies
were backcrossed, flies that lost y inserted between inverted attP sites in the mimic transposon lines
were individually backcrossed to establish stocks. The orientation of inserted fragments was
determined by PCR.

Removal of the endogenous dpp exon by FLP/FRT recombination

Males from the above stock were crossed with females of genotype AsFLP; al, PBac{RB}e00178 /SM6,
al, sp and subjected to heat-shock at 37°C for 1hr/day. PBac{RB}e00178 contains FRT sequence and
w+ and upon recombination, the dppHA genomic fragment are followed by FRT and w+. Hatched
males of AsFLP;dppHA/al,PBac{RB}e00178 were crossed with yw, al, b, ¢, sp/ SM6, al, sp. From this
cross, flies yw, dppHA(w+)/SM6, al, sp were individually crossed with yw; al, b, ¢, sp/ SM6, al, sp to
establish the stock.

Construction of a-HAscFv

cDNA of HAscFv was constructed by combining coding sequences of variable regions of the heavy
chain (Vu: 1-423 of LC522514) and of the light chain (ViL: 67-420 of LC522515) cloned from anti-
HA hybridoma (clone 12CA5 62) with a linker sequence (5°-
accggtGGCGGAGGCTCTGGCGGAGGAGGTTCCGGCGGAGGTGGAAGCgatatc-3’) in the order
of Vu-linker-Vi. The coding sequence of HAscFv was cloned into pCS2+mcs-2FT-T for FLAG-
tagging. Requests for HAscFv should be addressed to YM (mii@nibb.ac.jp). To generate HA trap, the
region encoding morphotrap (VHH-GFP4) was replaced with Kpnl and Sphl sites in pLOTattB-VHH-
GFP4:CD8-mChery *. A fragment encoding HAscFv was amplified by PCR and then inserted via
Kpnl and Sphl sites by standard cloning procedures.

Selection of Dpp-binding DARPins and generation of Dpp trap

Streptavidin-binding peptide (SBP)-tagged mature C-terminal domain of Dpp was cloned into
pRSFDuet vector by a standard cloning. Dpp was overexpressed in E. coli, extracted from inclusion
bodies, refolded, and purified by heparin affinity chromatography followed by reverse phase HPLC 3.
To isolate suitable DARPins, SBP-tagged Dpp was immobilized on streptavidin magnetic beads and
used as a target for DARPin selections by employing multiple rounds of Ribosome Display % ¢, Due
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to the aggregation and precipitation propensity of the purified SBP-Dpp, the refolded dimers
previously stored in 6 M urea buffer (6 M urea, 50 mM Tris-HCI, 2 mM EDTA pHS.0, 0.25 M NaCl)
were diluted to a concentration of 100-120 pg/ml in the same buffer and subsequently dialyzed against
4 mM HCI at 4°C overnight. To ensure binding of correctly folded Dpp to the beads, this solution was
diluted five times in the used selection buffer just prior to bead loading and the start of the ribosome
display selection. In each panning round, the target concentration presented on magnetic beads was
reduced, while the washing stringency was simultaneously increased to enrich for binders with high
affinities %. In addition, from the second round onward, a pre-panning against Streptavidin beads was
performed prior to the real selection to reduce the amounts of matrix binders. After four rounds of
selection, the enriched pool was cloned into an E. coli expression vector, enabling the production of
both N-terminally Hiss- and C-terminally FLAG-tagged DARPins. Nearly 400 colonies of transformed
E. coli were picked and the encoded binders expressed in small scale. Bacterial crude extracts were
subsequently used in enzyme-linked immunosorbent assay (ELISA) screenings, detecting the binding
of candidate DARPins to streptavidin-immobilized Dpp, or just streptavidin (indicating background
binding) by using a FLAG-tag based detection system (data not shown). Of those 127 candidate
DARPins interacting with streptavidin-immobilized Dpp, 73 (or 57%) specifically bound to Dpp (i.e.,
having at least threefold higher signal for streptavidin-immobilized Dpp than to streptavidin alone).
36 of these (50%) revealed unique and full-length sequences. To generate Dpp trap, the region
encoding morphotrap (VHH-GFP4) was replaced with Kpnl and Sphl sites in pLOTattB-VHH-
GFP4:CD8-mChery 4. Each fragment encoding a DARPin was amplified by PCR and then inserted
via Kpnl and Sphl sites by standard cloning procedures.

Generation of tkvHA© (Flip-out) allele
The thkvHA allele was previously described %. An FRT cassette was inserted in the re-insertion vector
for thvHA (Genewiz) and re-inserted into the attP site in the kv locus.

Generation of endogenous dpp-Gal4

pBS-KS-attB2-SA(1)-T2A-Gal4-Hsp70 (addgene 62897) was injected in the yw M{vas-int. Dm}zh-2A;
dppM%3732/Cyo, P23 stock. Since the Gal4 insertion causes haploinsufficiency, the dpp-Gal4 was
recombined with Dp(2;2)DTD48 (duplication of dpp) for G-TRACE analysis.

Generation of an endogenous dpp reporter

A DNA fragment containing T2A-d2GFP-NLS was synthesized and used to replace the region
containing 724-Gal4 in pBS-KS-attB2-SA(1)-T2A-Gal4-Hsp70 via BamHI to generate pBS-KS-attB2-
SA(1)-T2A-d2GFP-NLS-Hsp70 (Genewiz). The resulting plasmid was injected in the yw M{vas-
int.Dm}zh-2A; dppM'®3752/ Cyo, P23 stock.
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Figure 1. Generation and characterization of HA trap

a, A schematic view of the wing disc and the adult wing. b, A schematic view of a platform manipulating endogenous dpp
locus. ¢, Adult wing of a homozygous HA-dpp fly. d, a-HA staining of HA-dpp homozygous wing disc. e, a-ExHA and
a-pMad staining of HA-dpp homozygous wing disc. Quantification of each staining. f, A schematic view of HA trap. g, o.-
ExOllas, HA trap, and merge of control Ollas-HA-dpp/+ wing disc. h, Quantification of a-ExOllas staining of (g). i, a-
ExOllas, HA trap, and merge of Ollas-HA-dpp/+ wing disc expressing HA trap using ptc-Gal4. j, Quantification of a-
ExOllas staining of (i). k, a-ExOllas, HA trap, and merge of Ollas-HA-dpp/+ wing disc expressing HA trap clones. 1,
Quantification of a-ExOllas and HA trap staining of (k). m, a-ExOllas, HA trap, and merge of Ollas-HA-dpp/+ wing disc
wing disc expressing HA trap using ptc-Gal4 as well as HA trap clones. n Quantification of a-ExOllas and HA trap staining
of (m). o, a-ExOllas, HA trap, pMad and merge of Ollas-HA-dpp/+ wing disc expressing HA trap clones. Dashed white
lines mark the A-P compartment border. Scale bar 50 pum.
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Figure 2. Blocking Dpp dispersal by HA trap causes minor and asymmetric patterning and
growth defects

a-b, a-pMad, a-Brk, a-Sal, a-Omb, 5xQE.DsRed, DSRF, and Dpp trap (mCherry) (inset) of control
wing disc (a) and wing disc expressing HA trap using ptc-Gal4 (b). c-d, Control adult wing (¢), and
adult wing expressing HA trap using ptc-Gal4 (d). e-h, Quantification of a-pMad (e), a-Brk (f), a-
Sal (g), a-Omb (h) staining in (a-b). i-j, Quantification of compartment size of wing pouch (i) and
adult wing (j) upon HA trap expression using ptc-Gal4. k-1, a-pMad, a-Brk, a-Sal, a-Omb,
5xQE.DsRed, DSRF, and Dpp trap (mCherry) (inset) of control wing disc (k) and wing disc
expressing HA trap using nub-Gal4 (1). m-n, Control adult wing (m) and adult wing expressing HA
trap using nub-Gal4 (n). o-r, Quantification of a-pMad (o), a-Brk (p), a-Sal (q), a-Omb (r) staining
in (k-1). s-t, Quantification of compartment size of wing pouch (s) and adult wing (t) upon HA trap
expression using nub-Gal4. Dashed white lines mark the A-P compartment border. Scale bar 50 pm.
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Fig.3

tkvé’2 clones in wild type wing disc

Ry 2 e Wi
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Figure 3. Lateral wing pouch growth without Dpp signaling

a-b, thv*!? clones (indicated by the absence of GFP signal) induced in HA-dpp/HA-dpp, ptc>HA trap

wing discs (a) and in wild type wing discs (b). e-d, tkvHA'© clones (indicated by the absence of a-

HA staining) in wild type wing discs. Clones were induced at 60-72 hr AEL (after egg laying) during

mid-second to early third instar stages. e-h, a-pMad and 5xQE.DsRed (e, g) and a-Brk and
5xQE.DsRed (f, h) of control wing disc (e, f) and wing disc removing dpp using ci-Gal4 with
tubGal80s (g, h). Crosses were shifted from 18°C to 29°C at 4day AEL (early second instar). Scale

bar 50 um.
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Figure 4. Blocking Dpp dispersal and signaling by Dpp trap causes severe defects similar to dpp mutant

a, a schematic view of Dpp trap based on DARPins ? against Dpp. b, a-ExOllas staining and Dpp trap expression
(mCherry) (inset) of control wing disc (left) and wing disc expressing Dpp trap using ptc-Gal4 (right). Quantification
of ExOllas signal. e-d, a-pMad, a-Brk, a-Sal, a-Omb staining and Dpp trap (mCherry) expression (inset) of control
wing disc (¢) and wing disc expressing Dpp trap using ptc-Gal4 (d). e-h, Quantification of a-pMad (e), a-Brk (f), a-
Sal (g), o-Omb (h) staining in (c-d). i, Quantification of compartment size of wing pouch upon Dpp trap expression
using ptc-Gal4. j, Comparison of wing pouch compartment size upon HA trap and Dpp trap expression using ptc-
Gal4 (comparison of Fig. 2i and Fig. 4i). k-1, a-pMad, a-Brk, a-Sal, a-Omb staining and Dpp trap (mCherry)
expression (inset) of control wing disc (k) and wing disc expressing Dpp trap using nub-Gal4 (1). m-n, Control adult
wing (m), and adult wing expressing Dpp trap using nub-Gal4 (n). o-r, Quantification of a-pMad (o), a-Brk (p), a-
Sal (q), a-Omb (r) staining in (k-1). s-t, Quantification of compartment size of wing pouch (s) and adult wing (t)
upon Dpp trap expression using nub-Gal4. u, Comparison of compartment size of wing pouch upon HA trap and
Dpp trap expression using nub-Gal4 (comparison of Fig. 2s and Fig. 4s). Scale bar 50 um.
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Figure. 5 Rescue of dpp mutant by cell-autonomous Dpp signaling mimics phenotypes caused by
HA trap

a-b, a-pMad, a-Brk, a-Sal, a-Omb, 5xQE.DsRed, and DSRF staining of (a) dpp“®'?> wing disc and
(b) dpp™2 dpp>tkvOD wing disc. ¢, A schematic view of converting dpp-Gal4 into a LexA driver,
which is permanently expressed in lineages of dpp-Gal4 expressing cells. In this experimental setup,
the lineages of dpp-Gal4 (including lineages of non-specific dpp-Gal4 expression) will permanently
activate TkvQD and thus pMad signaling. d, a-pMad, a-Brk, a-Sal, a-Omb staining, and SxQE.DsRed
signal of dpp®/dpp??, dpp-Gal4>UAS-FLP, act>y+>LexA-LHG, LOP-tkvOD wing disc. Arrows
indicate posterior wing pouch growth rescued by anterior Dpp signaling. Scale bar 50 um. Note that
while uniformly upregulated in the A compartment, pMad (which reflects the lineages of dpp-Gal4)
was absent in the P compartment. Nevertheless, the SxQF. DsRed reporter was still activated in both
compartments.
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Figure 6. Initial uniform dpp transcription in the anterior compartment

a-e, dpp transcription dynamics during wing development. (a) a schematic view of d2GFP insertion
into the dpp locus. (b-e) a-GFP and a-Ptc/Wg staining of wing disc expressing the d2GFP reporter
at mid-second instar stage (60hr AEL) (b), at early third instar stage (72hr AEL) (¢), at mid-third instar
stage (84hr AEL) (d) at mid- to late- third instar stage (96hr AEL) (e). Arrow indicates dpp
transcription outside the stripe of cells. f-g, Lineages of endogenous dpp-Gal4 during wing
development. f, a schematic view of a Gal4 insertion into the dpp locus. g, G-TRACE analysis of the
endogenous dpp-Gal4. Scale bar 50 um unless otherwise mentioned.
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Figure 7. Transient anterior dpp source outside Sal domain is required for anterior patterning
and growth

a-f, a-pMad, a-Brk, and a-LacZ (a, d), a-Sal and a-LacZ (b, e), a-Omb and a-LacZ (¢, f) staining
of control wing disc (a-c¢) and wing discs removing dpp using ptc-Gal4 from mid-second instar (d-f).
g-j, a-pMad, a-Brk, and a-LacZ (g, i), a-Omb and a-LacZ (h, j) staining of wing disc removing
dpp using ptc-Gal4 (g, h) and using ci-Gal4 (i, j) from mid-second instar. k, Quantification of each
compartment size of wing discs removing dpp using ptc-Gal4 or ci-Gal4. Crosses were shifted from
18°C to 29°C at 5day AEL (mid-second instar). a.-LacZ staining marks the region where dpp is

removed upon FLP expression. Dashed white lines mark the A-P compartment border. Scale bar 50
pum.
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Fig. 8
a A previous model b A new model
mid-2nd instar
wing pouch wing pouch
hinge; dpp hinge |ate 3rd instar hinge dpp hinge
: L2 L3 L4 L5 L2 L3 L4 L5
€——>» <€«—> Dppdispersal <> Dpp dispersal
4 »- Dpp signaling (Ldlalb Dpp signaling
i lateral St ateral
> <—>» Dpp dispersal & signaling independent
Brk Dpp Brk
% ........... ¥ J‘ ------- w/o Dpp/Brk (non-uniform growth)
% wild type (uniform growth)
>

No Dpp dispersal (HA trap)
=Rescue of dpp disc alleles by TkvQD
L2 L3 L4/L5

dpp disc alleles .4

(failure of initial specificaiton)
No Dpp dispersal & No Dpp signaling (Dpp trap)
=Removal of dpp after wing pouch specification

Figure 8. Distinct roles of Dpp dispersal and signaling for wing patterning and growth

a, Previous studies are based on the assumption that Dpp dispersal from the anterior stripe of cells
controls patterning and growth of the entire wing pouch as implicated by complete lack of wing
pouch by dpp disc alleles. All the growth models trying to explain the uniform growth were built on
the assumption. b, The present study challenges the assumption and reveals distinct roles of Dpp
dispersal and signaling. While critical for the posterior patterning and medial growth, Dpp dispersal
is largely dispensable for anterior patterning and growth. In contrast, cell-autonomous Dpp signaling
in the anterior source cells is required and sufficient for anterior patterning and growth as well as for
posterior growth (though permissively). Anterior patterning and growth without Dpp dispersal
requires cell-autonomous Dpp signaling through a memory of earlier signaling by initial uniform dpp
expression. Contrast with the severe dpp disc alleles, neither Dpp dispersal nor signaling is critical
for the lateral growth since the wing pouch specification. These results challenge the Dpp dispersal-
based patterning and growth mechanisms, and lead us to propose a refined growth equalization
model, in which Dpp controls medial wing pouch growth by removing a growth repressor Brk, and
Brk repress the lateral wing pouch growth with higher proliferative nature to equalize growth rates.
Unlike previously thought, both the Dpp signaling-dependent medial region and -independent lateral
region exist within the wing pouch.
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Extended Data Fig. 1
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Extended Data Fig 1. Blocking cell death does not rescue growth defects caused by HA trap or
Dpp trap

a-d, a-Caspase-3 and o-Ptc/Wg expression of control wing disc (a), HA-dpp/HA-dpp, ptc>HA trap
disc (b), and HA-dpp/+, nub>Dpp trap disc (¢). The insets show HA trap (mCherry) expression. Scale
bar 50 um. (d) Quantification of the number of a-Caspase-3 positive cells in (a-c). e-g, Adult wing of
HA-dpp/HA-dpp, nub>HAtrap (control) (e) and HA-dpp/HA-dpp, nub>HAtrap, p35 (f). g,
Quantification of compartment size of (e, f). h-j, Adult wing of HA-Dpp/+, nub>Dpptrap (control)
(h) and HA-dpp/+, nub>Dpptrap, p35 (i). j, Quantification of compartment size of (h, i).
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Extended Data Fig. 2
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Extended Data Fig 2. Patterning and growth defects by HA trap and Dpp trap expression
using ci-Gal4

a—j, Patterning and growth defects by HA trap. (a, ¢, e, g, i) a-pMad (a), a-Brk (¢), a-Sal (e), a-Omb
(g), a-Ptc/Wg staining and HA trap (mCherry) (i) of control HA-dpp/HA-dpp, ci>+ (left) and HA-
dpp/HA-dpp, ci>HA trap (right). (b, d, f, h) Quantification of (a, ¢, e, g), respectively. (j)
Quantification of compartment size of wing pouch expressing HA trap using ci-Gal4. k-t, Patterning
and growth defects by Dpp trap. (k, m, o, q, s) a-pMad (k), a-Brk (m), a-Sal (0), a-Omb (q), o-
Ptc/Wg staining and HA trap (mCherry) (s) of control HA-dpp/+, ci>+ (left) and HA-dpp/+, ci>Dpp
trap (right). (1, n, p, r, t) Quantification of (k, m, o, q, s) respectively. t, Quantification of compartment
size of wing pouch expressing Dpp trap using ci-Gal4. u, Comparison of compartment size of wing
pouch upon HA trap and Dpp trap expression using ci-Gal4 (comparison of Extended Data Fig. 1j and
Extended Data Fig. 1t). Dashed white lines mark the A-P compartment border. Scale bar 50 pm.
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Extended Data Fig. 3

Extended Data Fig. 3 5xQF.DsRed reporter expression is Dpp signaling independent
a-d, o-pMad, 5xQE.DsRed, and merge of control (a), dpp®/dpp?'? (b), brk* (¢), and brk*; dpp®®/
dpp?"? (d) wing discs. Scale bar 50 um.
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Extended Data Fig. 4
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856
857  Extended Data Fig. 4 HA trap can trap Dpp more efficiently than Dpp trap
858  a-pMad, Dpp trap or HA trap (mCherry) in the P compartment of control wing disc (top), wing disc

859  expressing Dpp trap using ptc-Gal4 (middle), wing disc expressing Dpp trap using ptc-Gal4 (bottom)

860  wing disc. Quantification of pMad signal. Arrow indicates pMad signal by leaked Dpp from Dpp trap.
861
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Extended Data Fig. 5
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Extended Data Fig. 5 Relatively normal anterior patterning and growth by blocking Dpp
dispersal at different time points
Control adult wings and adult wings expressing HA trap using ptc-Gal4 at different time points.
Crosses were shifted from 18°C to 29°C at indicated time point. A and P compartment size normalized
against each control compartment size were plotted.
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Extended Data Fig. 6

tkvHA™/tkvHAR, tubGal80ts, ci>FLP

Extended Data Fig. 6 Immediate de-repression of Brk by genetic removal of tkv
a-HA (TkvHAO) and o-Brk staining of wing discs in which tkv was genetically removed from A
compartment from different time points. Time shown in each figure indicates the time of dissection

after temperature shift. Scale bar 50 pm.
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Extended Data Fig. 7

Control
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Extended Data Fig. 7 A part of posterior wing pouch can grow even after removal of posterior
tkv from the embryonic stage

a-HA (TkvHAF®), a-pMad, 5xQE.DsRed, and merge of control wing disc and wing disc removing
tkv from the entire P compartment from the embryonic stage. Upon removal of tv from the P
compartment, the SXQE.DsRed reporter remained expressed (arrow) despite complete loss of pMad
signal and severe growth defects in the P compartment. Note that anterior pMad signal was also
affected probably because Hh target dpp expression is affected by the reduced number of Hh producing
posterior cells.

31


https://doi.org/10.1101/2020.11.23.394379
http://creativecommons.org/licenses/by-nc-nd/4.0/

